The cloning of a Pax6 orthologue from the sepiolid squid Euprymna scolopes and its developmental expression pattern are described. The data are consistent with the presence of a single gene encoding a protein with highly conserved DNA-binding paired and homeodomains. A detailed expression analysis by in situ hybridization and immunodetection revealed Pax6 mRNA and protein with predominantly nuclear localization in the developing eye, olfactory organ, brain lobes (optic lobe, olfactory lobe, peduncle lobe, superior frontal lobe and dorsal basal lobe), arms and mantle, suggestive of a role in eye, brain, and sensory organ development. q
Results and discussion
Recent studies on Drosophila and mouse have resulted in significant insights in development and evolution of the central nervous system and sensory organs (Puelles and Rubenstein, 1993; Hirth et al., 1995) , yet surprisingly little is known about corresponding mechanisms in Lophotrochozoan phyla. The most diverse and speciose phylum within the Lophotrochozoa is the Mollusca with body plans ranging from burrowing worm-like animals to sessile bivalves and the free-swimming and behaviorally sophisticated cephalopods. The cephalopod brain is comparable in complexity to the vertebrate brain and probably evolved from a primitive ladder-like nervous system as found in the more basal molluscan classes. The eyes of cephalopods represent one of the major types of complex photoreceptor organs alongside the vertebrate and arthropod eyes (SalviniPlawen and Mayr, 1977) . Thus, the cephalopods provide a premier opportunity to study two evolutionarily advanced structures. One gene with an apparently conserved role in brain and eye development is Pax6 .
Pax6 was previously cloned from Loligo opalescens (Tomarev et al., 1997) . However, for studies of developmental mechanisms in cephalopods, the sepiolid squid Euprymna scolopes, endemic to the coastal waters of Hawaii, provides a more accessible model system. Adults are perennially available and readily deposit egg clusters in captivity, providing an excellent source for developmentally timed samples. In this paper, we describe the isolation, characterization and expression analysis of Pax6 in the sepiolid squid Euprymna scolopes (EsPax6).
1.1. Cloning, characterization, and sequence comparison of Pax6 of Euprymna scolopes EsPax6 was isolated using a combination of genomic PCR and RACE (see Section 2 for details). A composite full-length cDNA sequence with a length of 1972 bp, and a predicted open reading frame of 1512 bp was obtained, encoding a protein of 503 amino acid residues (Fig. 1) . The cDNA sequence contains a putative initiator methionine codon 54 codons upstream of the encoded paired domain. A 93 amino acid linker region separates the 128-amino acid paired domain from a paired type homeodomain of 60 amino acids. The carboxy-terminal region has a predicted length of 168 amino acids. The entire protein has a predicted molecular mass of 55.2 kDa. During the course of the cDNA cloning experiments, we also isolated an incompletely spliced variant with a 5 nucleotide insertion between residues 964 and 965 of the EsPax6 cDNA, a position corresponding to one of the conserved splice sites found in different Pax6 genes (see Fig. 1 ). Comparison of the EsPax6 protein sequence with Pax6 from other species confirmed the high degree of conservation of this protein (see Fig. 2 ).
Expression pattern of EsPax6
The protein and RNA expression patterns of EsPax6 were analyzed by whole-mount antibody staining and in situ hybridization on specimens of representative stages of the embryonic development of E. scolopes. The results of antibody staining and in situ hybridization were generally in good agreement. The EsPax6 protein was localized to the nucleus, consistent with its predicted role as a transcription factor. In addition, we studied the dynamics of Pax6 protein expression in embryos from developmental stages 11-26 (Arnold, 1965) . Western blotting analysis demonstrated high specificity of the antibody used and revealed a single protein of an apparent molecular mass of 58 kDa (Fig. 3E) .
Cephalopod embryogenesis proceeds via meroblastic cleavage and epibolic gastrulation, with segregation of the germ layers at stages 10-11. Cells continue to divide, encompassing the yolk mass, so by the time of organogenesis (stages 17-18), the embryo is composed of three layers: an innermost yolk syncytium, an outer layer of cells, and an intermediate layer distinct from the other two.
At stages 17-18, first traces of EsPax6 expression were LoPax6; Tomarev et al., 1997) corresponding to a similarity of 89% at the nucleotide level. The highest overall deduced amino acid sequence identities between EsPax6 and that of species of other phyla is 79% with the nemertine Lineus sanguineus (LsPax6: Loosli et al., 1996) , 63% with vertebrates (Homo sapiens, AN; Ton et al., 1991) , 57% with the echinoderm Paracentrotus lividus (PcPax6, Czerny and Busslinger, 1995) , and 49% with the Drosophila melanogaster gene Toy (Czerny et al., 1999) . EsPax6, like all other known Pax6 orthologues, does not contain the conserved octapeptide which is present in several other Pax genes (Noll, 1993) . The paired domain (PD) and homeodomain (HD) are boxed. The EsPax6 linker region contains a MYDKLGLLNGQ motif (underlined in Fig. 1 ) that is highly conserved in all Pax6 linker regions. The arrowhead marks the position of a conserved splice site.
detected by in situ hybridization in the head mass and in the region of the eye primordia (not shown). EsPax6 mRNA in the eye rudiment is restricted to a ring on either side of the embryo. Later in development, EsPax6 expression increases and expands (Figs. 3A-D and 4A-E). EsPax6 expression also remains restricted to areas from which lens-precursor cells and the iris will derive (Figs. 3A-D and 4A-B). EsPax6 expression persists in the head mass during later development (Figs. 3A,C). Posterior to the eyes, higher levels of EsPax6 mRNA are seen in the tissue domain that gives rise to the olfactory organ (Figs. 3A-C). Dorsal to the eyes, expression is detected in the optic lobe primordia, while more ventrally transient expression is seen in the area that will give rise to the statocysts (see Fig. 3A ). In stages 25-26 embryos, very high levels of EsPax6 mRNA are seen in the region between the optic lobes and the vertical lobe (cerebral ganglion), corresponding to the peduncle and olfactory lobes. Furthermore, strong EsPax6 expression (Loosli, 1995) . Percentages of sequence identity were determined by comparison with mouse Pax6 and are indicated behind the sequences. Abbreviations: EY ¼ eyeless, TOY ¼ twin-of-eyeless. The sequences used in the comparison appeared in the following publications: Mouse (Walther and Gruss, 1991) , Phallusia (Urochordata, Glardon et al., 1997) , Paracentrotus (Echinodermata, Czerny and Busslinger, 1995) , Loligo (Tomarev et al., 1997) , Euprymna (this report), Lineus (Nemertea, Loosli et al., 1996) , Drosophila EY (Quiring et al., 1994) , Drosophila TOY (Czerny et al., 1999) , Caenorhabditis (Chisholm and Horvitz, 1995; Zhang and Emmons, 1995) , Dugesia (Platyhelminthes, Callaerts et al., 1999) , HydraB (Sun et al., 1997) .
was detected in the superior frontal lobe, the dorsal basal lobe and the optic lobes (Figs. 4C,D) . EsPax6 positive cells are also seen in the developing arms (Figs. 3A,B) . Later in development when the arms become more discrete and elongate, the intensity of EsPax6 expression in the arms is higher on the ventral surface around the suckers, an area rich in chemo-and mechanosensory neurons (Figs. 3C,E) .
At stage 18, moderate levels of EsPax6 expression are also observed in the mantle (Figs. 3B,C and 4D ). The expression of Pax6 in the arms and mantle of the embryo suggests that this transcription factor may have a role in the development of these tissues as well.
In summary, these results suggest that EsPax6 is required for development and function of the central nervous and sensory systems in cephalopods, and in particular for organs and neuropils involved in vision and olfaction, similar to the situation in other species . The spatially restricted expression pattern of EsPax6 in the developing brain is comparable to Pax6 expression patterns in developing brains of other bilaterians, and raises the possibility that the nervous system in cephalopods may have evolved by reiterating some of the genetic mechanisms that appear to be shared by vertebrates and Drosophila (Puelles and Rubenstein, 1993; Hirth et al., 1995) .
Materials and methods

PCR-based cloning of EsPax6 exon 3 and full-length cDNA
A fragment of exon 3 of EsPax6 was amplified from genomic DNA using an exon-specific primer pair based on the LoPax6 sequence (Tomarev et al., 1997) ; Es35 (agtaccaattcggacaacgg) and Es 33 (gcttctatttgtgctgcagt). The reaction was performed in a volume of 100 ml containing 0.5 mg genomic DNA, 10X polymerase buffer (25 mM MgCl 2 ), 1.5 U High Fidelity Taq-Polymerase (Long Distance PCR Kit, Roche Molecular, Indianapolis, IN, USA), 200 mM dNTP mixture (10 mM), 0.1 mM primer. Cycling conditions were: five cycles (1 min at 948C; 3 min at 488C; 3 min at 728C), 30 cycles (30 s at 948C; 1 min at 488C, 3 min at 728C), and one cycle (5 min at 728C).
The 5 0 and 3 0 ends for EsPax6 mRNA were isolated using the Marathon e cDNA amplification kit (BD Biosciences Clontech, Palo Alto, CA) using two sets of gene-specific nested primers that were designed based on the sequence of exon 3 obtained with genomic PCR. The primers were Es6-51 (ctcagtccggccatggaggcattag) and the nested Es6-52 (catggaggcattaggtgcgtaccag) for the 5 0 RACE, and Es6-31
(gcaggcgaaaatcagaaggttcttgg) and the nested Es6-32 (ggggactacaatgtatgataaactggg) for the 3 0 RACE. The touch-down cycling parameters were as recommended by the manufacturer. The template for the first reaction was 1 ml of a 1:250 dilution of adaptor-ligated cDNA. For the nested PCR, 1 ml of the first round PCR products was used as template. PCR products were cloned into the pCRII or pCRII-TOPO vector (TA or TOPO TA Cloning w Kit, Invitrogen, Carlsbad, CA, USA). Recombinant clones were sequenced by the dideoxy method using the Sequenase 2.0 kit (USB, Cleveland, OH, USA) and the nested gene-specific primers. Full-length sequences were determined as a service by SeqWright, Inc (Houston, TX, USA).
Nucleotide sequences and their conceptual translation products were analyzed for similarities with other entries in GenBank using the BLASTX and BLASTP programs (Altschul et al., 1990 (Altschul et al., , 1997 .
Antibody staining 2.2.1. Antibody production
A cDNA fragment encoding the paired domain of the LoPax6 protein was cloned in pGEX-2 and expressed as a fusion protein with glutathione S-transferase according to standard procedures. The fusion protein, purified by glutathione-affinity chromatography, was used to immunize rabbits (performed as a service by Covance Laboratories, Vienna, VA)
Whole-mount antibody staining
Squid embryos were removed from the outer capsule and jelly coat and fixed overnight in formaldehyde (3.7% in sea water) at 48C, dehydrated through a graded methanol series, and stored in methanol at 2208C. Fixed embryos of different stages were permeabilized in methanol:DMSO (4:1) overnight at 48C and then transferred to methanol:DMSO:-hydrogen peroxide (4:1:1) for 5 h at room temperature. Embryos were rehydrated (30 min in 50% methanol, 30 min in PBS) and then dechorionated under a dissecting microscope. Non-specific binding sites were first blocked with PBS-MT (PBS, 2% milkpowder, 0.5% Triton X100) at room temperature (twice for 1 h). Subsequently, embryos were incubated with preabsorbed polyclonal anti-LoPax6-antibody (1:500) overnight at 48C (the antibody was preabsorbed against homogenized 0 day old embryos overnight at 48C in a 1:20 dilution in PBS). The embryos were extensively washed with PBS-MT in a 10 ml volume: twice for 1 h at 48C, three times for 1 h at room temperature. Incubation with the secondary antibody (peroxidase conjugated goat anti-rabbit IgG) was performed overnight at 48C using a 1:500 dilution. Embryos were washed in PBS-MT following the protocol described above. They were washed an additional 20 min with PBT (PBS, 0.5% Triton X100) and then incubated for 30 min in 1 ml DAB 1 0.08% NiCl. For the staining reaction, hydrogen peroxide was added to a final concentration of 0.03%. Staining was stopped with PBT and the embryos were post-fixed in 4% paraformaldehyde for 20 min.
Western blotting
Samples of different developmental stages were prepared by homogenization of eight embryos in 200 ml of 2 £ SDS loading-buffer, and boiling for 10 min. Twenty ml of each sample was loaded on a 10% SDS polyacrylamide gel, and the proteins were separated for 1 h at 150 V at 48C in a MiniVertical Electrophoresis System (Biorad e , Hercules, CA, USA). The proteins were transferred to nitrocellulose membrane via electroblotting. Subsequently, the membrane was blocked in 5% milk powder in TBST for 1 h at room temperature and then incubated with preabsorbed antiLoPax6 antibody in a dilution of 1:1000 overnight at 48C. (in a 1:20 dilution, the antibody was preabsorbed overnight at 48C against 1-day old embryos which were homogenized in TBST). The membrane was washed for at least 2 h with TBST 1 2% milkpowder at room temperature. Incubation with the secondary antibody (goat anti-mouse-peroxidase; 1:5000) was performed for 1 h at room temperature. The membrane was washed with TBST for 2 h at room temperature. Staining was detected using the ECL-detection system.
In situ hybridization
The spatiotemporal distribution of EsPax6 mRNA was analyzed with a whole-mount in situ hybridization protocol using sense (control) and anti-sense digoxigenin-labeled RNA probes. The outer capsules and jelly layers were removed manually from each embryo, but the chorions were left intact. Embryos were fixed in 3.7% formaldehyde in seawater for 1 h at room temperature. Embryos were washed five times for 5 min each in filtered seawater. The chorion of each embryo was removed manually with forceps, and embryos were re-fixed in 3.7% formaldehyde in filtered seawater at 48C overnight (14-16 h). Embryos were washed five times for 5 min each in RNase-free PTw (1X PBS; 0.1% Tween-20) and used immediately or stored up to 3 days at 48C until ready to use for whole-mount in situ hybridization. The whole-mount in situ hybridization protocol used here is modified after the protocol described in Seaver et al. (2001) . Embryos were observed under a Wild M8 stereomicroscope, and digital photomicrographs were taken with a Nikon Cool Pix 3.34 Megapixel digital camera.
